Mice lacking the IL-2 receptor β chain (IL-2Rβ) exhibit an autoimmune reaction characterized by generalized T cell activation, production of autoantibodies, myeloproliferation and severe anemia. T cells of IL-2Rβ -/-mice were examined to elucidate the mechanism responsible for their abnormal activation and to determine how such abnormal activation might affect other cell lineages. Elevated levels of IgG, IgE and autoantibodies in IL-2Rβ -/-mice were found to be associated with activated CD4 ⍣ T cells which secreted elevated levels of IL-4. Thymocytes in IL-2Rβ -/-mice showed normal negative and positive selection patterns when analyzed in transgenic mice bearing a TCR specific for HY antigen, suggesting that neither IL-2 nor IL-15 is essential for thymic selection. Peripheral T cells in IL-2Rβ-deficient mice underwent normal programmed cell death in response to staphylococcal enterotoxin B superantigen, in contrast to cells from mice deficient for either IL-2 or IL-2Rα. Activated T cells in IL-2Rβ-deficient mice expressed normal levels of Fas antigen and underwent normal apoptosis in response to induction with anti-Fas mAb. Thus, the accumulation of activated T cells in IL-2Rβ -/-mice does not appear to be derived from abnormalities in either thymic selection or Fas-mediated apoptosis.
Introduction
IL-2 has multiple roles in the immune system. Although it transduce IL-2 signaling, the murine IL-2R absolutely requires the α chain for transduction (11). Although the exact mechanwas first identified as the key cytokine responsible for the stimulation of lymphocyte proliferation (1), IL-2 also promotes ism remains to be defined, the IL-2R β and γ chains have also been shown to be critical for signaling by this receptor T and B cell differentiation (2) , serves to amplify signals arising during the immune response (3, 4) , and may be (12,13). IL-2R is known to be expressed on various hematopoietic cell types, including T cells, B cells, NK cells, granuloinvolved in activation-induced cell death (5,6). However, the role of IL-2 in vivo has been less easily ascertained, since cytes (14-16) and thymocytes, the latter observation suggesting that the IL-2R may be involved in thymic selection IL-2 knockout mice fail to show a defect in T and B cell development (7).
processes. Mice made deficient by gene targeting for components of The murine IL-2 receptor (IL-2R) is composed of three subunits, the IL-2R α, β and γ chains. In T lymphocytes, the the IL-2-IL-2R system show strikingly similar phenotypes.
Despite normal development of all major lymphoid subsets, IL-2R β and γ chains are constitutively expressed, whereas the IL-2R α chain is induced only upon lymphocyte activation older mice lacking either IL-2 (7,17,18), IL-2Rα (19) or IL-2Rβ (20) develop a lymphoproliferative disorder, characterized (8-10). Unlike the human IL-2R, in which an intermediate affinity form of the IL-2R composed of the β and γ chains can (among other features) by elevated Ig secretion, autoantibody formation and a high proportion of T cells bearing the cell and anti-mouse Fas (Jo2). All antibodies were purchased from PharMingen (San Diego, CA). surface marker profile of activated memory T cells (Lselectin lo , CD45RB lo , CD44 hi ) (21). In previous investigations
In vivo treatment of mice with mAb against CD4 or CD8 of IL-2Rβ -/-mice, these abnormalities in multiple hematoantibody poietic lineages were found to be dependent on the presence of activated T cells (20).
Mice were injected weekly with mAb derived from ascites fluid starting 4 days after birth as previously described (20). How activated T cells accumulate in IL-2-IL-2R mutant mice may be central to our understanding of T cell homeostasis and Depletion of CD4 ϩ or CD8 ϩ T cells was confirmed by flow cytometric analysis of peripheral blood samples. consequently the regulation of the immune response as a whole. A variety of studies have provided evidence that the Flow cytometry regulation of immune responses is often dependent on the interaction of T cells (22) (23) (24) (25) . These regulatory interactions Flow cytometric analyses were performed as previously described (20). are complex, and involve both antigen-specific and nonspecific mechanisms. However, the characterization of T cells Serum Ig which negatively regulate immune responses has been problematic (26) and the mechanism of regulation remains unreLevels of serum Ig were determined as previously described (20). solved. T cells in both IL-2-and IL-2α-deficient mice have been shown to be resistant to apoptosis induced by superantiIsolation of CD4 ϩ or CD8 ϩ T cell populations from spleen cells gens or anti-Fas antibodies (19,27), suggesting that T cells which do not receive adequate signals through the IL-2-ILSpleen cells were isolated from IL-2Rβ -/-mice or IL-2Rβ ϩ/-control mice and stained with FITC-conjugated anti-CD8 2R system are destined to display the abnormally activated memory phenotype. The purpose of this study was to determAb and phycoerythrin (PE)-conjugated anti-CD4 mAb. Cells showing specific fluorescence were positively isolated using mine whether a deficiency in another component of the IL-2-IL-2R system, that of IL-2Rβ, would result in a similar resistance a FACStar Plus cell sorter (Becton Dickinson, Franklin Lakes, NJ). to peripheral deletion or whether another mechanism, such as a failure of positive or negative selection in the thymus,
RT-PCR was responsible for the accumulation of the abnormal T cells in these mice.
RNA (10 µg) isolated from T cell subset populations were reverse transcribed in a 50 µl reaction volume using the In this study, we confirm that the abnormal Ig and cytokine secretion observed in IL-2Rβ-deficient mice is dependent on StrataScript RT-PCR Kit (Stratagene, La Jolla, CA). Aliquots of 1 µl of reverse transcribed sample were serially diluted CD4 ϩ T cells and suggest that it may be related to elevated IL-4 secretion. We also establish that, unlike IL-2-or IL-2Rα-and the PCR reaction was performed under the following conditions: 94°C, 30 s; 55°C, 60 s; 72°C, 60 s; 35 cycles. deficient mice, the accumulation of abnormally activated T cells in IL-2Rβ-deficient mice is not due to a failure of either PCR primers used were as follows: 5Ј DHFR: CTC AGG GCT GCG ATT TCG CGC CA; 3Ј DHFR: CTG GTA AAC AGA ACT negative selection or Fas-mediated apoptosis.
GCC TCC GAC; 5Ј IFN-γ: GAA AAT CCT GCA GAG CCA GA; 3Ј IFN-γ: ACT CCT TTT CCG CTT CCT GA; 5Ј IL-2: TGA TGG ACC TAC AGG AGC TCC TGA G; 3Ј IL-2: GAG TCA AAT Methods CCA GAA CAT GCC GCA G; 5Ј IL-4: CGA AGA ACA CCA CAG AGA GTG AGC T; 3Ј IL-4: GAC TCA TTC ATG GTG Mice CAG CTT ATC G; 5Ј IL-10: TAC CTG GTA GAA GTG ATG CC; IL-2Rβ -/-mice (20), CD4 -/-mice (28), CD8 -/-mice (29) and 3Ј IL-10: CAT CAT GTA TGC TTC TAT GC; 5Ј GM-CSF: AGA lck -/-mice (30) were established as described and maintained AGC TAA CAT GTG TGC AGA CCC G; 3Ј GM-CSF: ATT CCG in our animal facility. RAG-1 -/-mice were a gift from Dr S.
AGT TCC TGG CTC ATT ACG C. Tonegawa (Massachusetts Institute for Technology, Cambridge, MA) (31) . IL-2Rβ ϩ/-female mice were crossed
In vivo injection of staphylococcal enterotoxin B (SEB) with homozygous males mutant for the CD4, CD8, lck and SEB (100 µg) was injected i.p. on day 0. Peripheral blood RAG-1 genes to obtain IL-2Rβ ϩ/-mice with heterozygous taken from the tail vein was analyzed by flow cytometry on mutations of these genes. These were intercrossed to obtain days 0, 3, 7, 11 and 14. Cells were stained with FITCdouble homozygous mutant mice. Female HY-specific TCR conjugated anti-CD4 mAb and PE-conjugated anti-V β 8.1 ϩ transgenic mice (32) were mated with IL-2Rβ ϩ/-male mice.
8.2 antibody. Resulting HY TCR transgene ϩ IL-2Rβ ϩ/-female offspring were crossed with IL-2Rβ ϩ/-males to obtain IL-2Rβ -/-HY Induction of apoptosis in vitro by anti-Fas antibody transgene ϩ mice.
Lymph node cells were stimulated with 5 µg/ml of concanavalin A (Con A) for 48 h and washed twice in unsupplemented mAb RPMI 1640 medium (Gibco/BRL, Gaithersburg, MD). Viable cells were collected by centrifugation using Ficoll-Paque mAb used in this study were as follows: anti-mouse CD69 (H1.2F3), anti-mouse Thy-1.2 (953-2.1), anti-mouse Gr-1 (RB6-(Pharmacia LKB, Piscataway, NJ). Cells (3ϫ10 6 ) were cultured in 1 ml complete medium (RPMI 1640 supplemented with 8C5), anti-mouse B220 (RA3-6B2), anti-mouse CD8 (53-6.7), anti-mouse CD4 (RM4-5), anti-mouse V β 8.1, 8.2 TCR (MR5-2) 10% FCS) with or without 1 µg/ml anti-Fas Jo2 (33) in 24-well plates. Cells were harvested after 3, 6, 12 or 24 h culture and numbers of viable cells were determined using 0.2% Trypan blue staining. Two-thirds of the recovered cells were used to assess apoptosis in a flow cytometric analysis and the remaining third was used in the DNA fragmentation analysis (see below).
Assessment of apoptosis by flow cytometry and DNA fragmentation analyses
Con A-stimulated cells recovered after induction of apoptosis by anti-Fas antibody in vitro were washed twice with PBS and fixed with 4% paraformaldehyde for 30 min on ice. After washing, cells were treated with 50 µg/ml of RNase A for 40 min at 37°C, followed by staining with 50 µg/ml of propidium iodide for 20 min at room temperature. Cells were analyzed using a flow cytometer (Epics Profile; Coulter Electronics, Hialeah, FL). DNA fragmentation analysis by agarose gel electrophoresis was performed as previously described (34) .
Results

Phenotype of the IL-2Rβ -/-mutation in CD8 -/-, lck -/-and RAG -/-genetic backgrounds
The complex phenotype of the IL-2Rβ-deficient mouse is characterized by multiple disorders in cells of various hematopoietic lineages, including the spontaneous activation of T cells, increased production of IgG1 and IgE in differentiated B cells, profoundly increased granulocytopoiesis, and a severe decrease in erythrocytes. In a previous study, we showed that activated T cells are the cause of the abnormalities in B cells, granulocytes and erythrocytes in IL-2Rβ-deficient mice (20). To assess the relationship of these abnormalities in more detail, we generated IL-2Rβ -/-mice vice versa, indicating that the subpopulations were activated independently and that removal of one subset did not change the level of activated T cells in the periphery. As expected, the deletion of the lck gene resulted in a substantial reduction on the presence of CD4 ϩ T cells. That this dependence is subset-specific is demonstrated by the failure of the depletion in activated lymph node T cells, and the restoration of serum Ig (Fig. 1b) and granulocytopoiesis (Fig. 1c) to wild-type (either by gene deletion or by mAb treatment) of CD8 ϩ cells in IL-2Rβ -/-mice to decrease the abnormally elevated IgG1 levels. Granulocytopoiesis also returned to wild-type levels in the absence of the RAG-1 gene, confirming that the anomalies level. Interestingly, the depletion of CD4 ϩ cells had no effect on the increased granulocytopoiesis observed in IL-2Rβ -/-observed in IL-2Rβ -/-mice are dependent on the presence of lymphocytes. mice, as assessed by the number of Gr-1 ϩ cells in the spleen (Fig. 1c) . Young (3-week-old) IL-2Rβ -/-mice lacking CD8 ϩ As shown in our previous study (20), serum levels of IgG1 (Fig. 1b) and IgE (data not shown) were normal when CD4 ϩ T cells showed reduced numbers of granulocytes compared to IL-2Rβ -/-mice bearing CD8 ϩ T cells. However, in older (8-T cells were depleted in IL-2Rβ -/-mice of any age examined, confirming that the abnormal production of Ig is dependent week-old) mice lacking CD8 ϩ T cells, granulocyte numbers were increased to almost the same levels found in untreated IL-2Rβ -/-mice. This result suggests that, at least initially, the abnormal granulocytopoiesis may be associated primarily with the presence of abnormal CD8 ϩ T cells, with perhaps a minor contribution by abnormal CD4 ϩ cells.
Increased expression of cytokines in T cells from IL-2Rβ -/-mice
Cytokine production by CD4 ϩ and CD8 ϩ T cells isolated from spleens of IL-2Rβ -/-mice was examined using RT-PCR. As shown in Fig. 2 , the expression of IL-2 was~4 times greater in IL-2Rβ -/-T cells than in IL-2Rβ ϩ/-T cells. Similarly, IL-10 and IFN-γ were increased by 4-16 times in both CD4 ϩ and CD8 ϩ T cells of IL-2Rβ -/-mice. However, the expression of IL-4 was increased only in CD4 ϩ cells of IL-2Rβ -/-mice. Since IL-4 is known to be a powerful inducer of antibody production (35), particularly IgE, this result may correlate with the finding that abnormal production of serum antibodies in IL-2Rβ -/-mice ceased once abnormal CD4 ϩ T cells were depleted. The expression of granulocyte macrophage colony stimulating factor (GM-CSF) was not increased in either CD4 ϩ or CD8 ϩ showed a pattern in which most cells were negatively selected. In female mice, thymocytes from both IL-2Rβ ϩ/-and IL-2Rβ -/-animals
Normal thymic selection in IL-2Rβ -/-mice
showed a pattern consistent with positive selection. Numbers represent percentages of cells in the indicated quadrants.
To test whether the increased numbers of activated T cells in IL-2Rβ -/-mice could be explained by a failure of positive or negative selection in the thymus, IL-2Rβ -/-mice were crossed with TCR transgenic mice specific for the male-specific antithese data suggest that neither of these cytokines is critical for thymic development. gen, HY. Thymocytes from 3-week-old transgenic mice with or without the IL-2Rβ gene were analyzed for cell numbers, Normal proliferation and depletion of IL-2Rβ -/-T cells stimuand for the expression of CD4, CD8 (Fig. 3) , V β 8 and HSA lated in vivo (data not shown). There were no significant differences in numbers of thymocytes between IL-2Rβ ϩ/-and IL-2Rβ -/-To test whether the accumulation of activated T cells was due to a failure in activation-induced cell death, the induction of littermate mice: IL-2Rβ ϩ/-HY male, 7.7 Ϯ 3.0ϫ10 6 (n ϭ 3); IL-2Rβ -/-HY male, 5.7 Ϯ 2.9ϫ10 6 (n ϭ 3); IL-2Rβ ϩ/-HY peripheral tolerance was examined in IL-2Rβ -/-mice. IL-2Rβ -/-mice were injected in vivo with the superantigen SEB female, 10.4 Ϯ 1.8ϫ10 7 (n ϭ 3); IL-2Rβ -/-HY female, 7.2 Ϯ 1.7ϫ10 7 (the mean of two mice; data from a third IL-2Rβ -/-and the deletion of V β 8 ϩ T cells was assessed. As shown in Fig. 4 , both the initial activation and proliferation, and the HY female in generally poor health is not included). In addition, no significant differences were observed between IL-2Rβ ϩ/-subsequent decrease, of V β 8 ϩ T cells were observed to an equal extent in IL-2Rβ -/-mice and their control littermates. and IL-2Rβ -/-mice (both males and females) in expression patterns of thymocyte differentiation antigens (Fig. 3) . Thus, This result also indicated that peripheral T cells in IL-2Rβ-deficient mice were able to proliferate in vivo. Interestingly, in IL-2Rβ is clearly not essential for either negative or positive selection of thymocytes. Furthermore, since both IL-2 and previous work, IL-2Rβ -/-T cells were found to be defective in their ability to proliferate in vitro, even when cultured with IL-15 incorporate the IL-2Rβ chain in their receptors (36), 
IL-2Rβ -/-T cells stimulated in vitro
The normal response of IL-2Rβ -/-T cells to injection in vivo with a superantigen indicated that the mechanism resulting in apoptosis mediated by Fas-FasL interaction was intact in Discussion IL-2Rβ -/-mice. To further investigate various functional
In our previous study (20), we showed that the dominant aspects of the Fas system in these mice, the expression of features contributing to the phenotype of IL-2Rβ -/-mice were Fas antigen and the induction of Fas-mediated apoptosis in dependent on the presence of CD4 ϩ T cells. In the present cells of IL-2Rβ -/-mice were examined in vitro. As shown in study, we further confirm the essential role of T cells in Fig. 5 , IL-2Rβ -/-T cell blasts stimulated with Con A expressed causing the anomalies observed in B cells, granulocytes and the same levels of Fas antigen as Con A-stimulated cells from erythrocytes of IL-2Rβ -/-mice, since mice doubly-deficient control IL-2Rβ ϩ/-mice.
for either RAG-1 and IL-2Rβ, or lck and IL-2Rβ, showed no The induction of Fas-mediated apoptosis was examined by abnormalities in either granulocytes or erythrocytes. treating Con A-stimulated lymph node cells with anti-Fas mAb.
The expression of several cytokines was increased in T cells The base number of viable lymph node cells was depressed in of IL-2Rβ -/-mice, but no significant changes in either T h 1 IL-2Rβ -/-mice (Fig. 6a , open squares) compared to IL-2Rβ ϩ/-(T c 1) or T h 2 (T c 2) activity were observed. An imbalance of mice (Fig. 6a, open circles) , even in the absence of anti-Fas T h 1 and T h 2 cytokines is a common finding in autoimmune mAb. This observation can be explained by the continued ILdisease, and is thought to be related to its genesis (37-39). 2-mediated proliferation of activated IL-2Rβ ϩ/-T cells. Since However, in IL-2Rβ -/-mice, both T h 1 and T h 2 cytokines are IL-2Rβ -/-T cells do not proliferate in vitro (20), the total elevated, and neither class can be said to predominate. number of viable IL-2Rβ -/-T cells declined with time, resulting Instead, it is likely that a great number of cytokines are acting in a different baseline number of total viable cells from which in an unbalanced way, which influences the general state of to judge the effects of anti-Fas mAb treatment. However, autoimmunity that prevails in these mice. when IL-2Rβ ϩ/- (Fig. 6a, closed circles) and IL-2Rβ -/- (Fig. The findings of increased expression of IL-4 in activated 6a, closed squares) T cells were stimulated with Con A for CD4 ϩ T cells and normal levels of serum Ig in CD4 ϩ T cell-48 h followed by exposure to 1 µg/ml anti-Fas mAb, both deficient IL-2Rβ -/-mice are consistent with previous reports genotypes showed substantial decreases in cell viability. In on IL-2 -/-mice that indicate an association between IL-4 and fact, the addition of anti-Fas antibody decreased the numbers abnormal Ig production (40). In addition, Burnstein et al. of IgG1 and IgE in transgenic mice expressing high levels of 6b and c) showed that the loss of viable cells was due to IL-4. In preliminary examinations of IL-4 -/-:IL-2Rβ -/-doubleapoptosis, a result confirmed by DNA fragmentation analyses knockout mice, Ig levels were reduced to those of the wildon agarose gels (Fig. 6d) . These results indicate that ILtype and B cells were present, but granulocytes were still 2Rβ -/-T cells show a normal or even enhanced sensitivity to elevated (H. Suzuki, unpublished observations). However, because (i) systemic redundancy in the cytokine network Fas-mediated apoptosis compared to control IL-2Rβ ϩ/-T cells. ensures that most important functions are served by more IL-2Rα, even though Fas was expressed at normal levels on these mutant T cells, apoptosis induced by superantigen SEB than one molecule, (ii) the IL-2Rβ chain is shared by more than one cytokine (IL-2 and IL-15) (36) and (iii) the expression was not observed (19, 27) . Because T cells of these mutants were able to proliferate in vitro in the absence of IL-2 signaling, of many other cytokines is also altered in these mice (Fig. 2) , it would be premature to attribute the abnormal Ig production it was concluded that IL-2 was redundant as a growth signal, but essential as an apoptotic signal. However, the results of in IL-2Rβ -/-mice solely to an increase in IL-4 production. The production of neither GM-CSF nor G-CSF was increased in this study have shown that a normal response to SEB occurs in vivo in the absence of IL-2Rβ. In addition, we have shown IL-2Rβ -/-mice, suggesting that neither of these growth factors is directly involved in the profoundly elevated granulocytothat Fas is expressed at normal levels on IL-2Rβ -/-T cells and that normal Fas-mediated apoptosis of Con A-stimulated poiesis observed in these mice. Increased numbers of granulocytes have been observed in mice lacking the IL-8 IL-2Rβ -/-T cells occurs in vitro. These results indicate that the abnormal T cell activation, lymphoproliferation and autoimreceptor (42) , suggesting the existence of multiple pathways and cytokines affecting the regulation of granulocytopoiesis. munity in IL-2Rβ -/-mice cannot be attributed to the same mechanism as proposed for IL-2-and IL-2Rα-deficient mice, The results of this study also showed that the accumulation of abnormally activated T cells in IL-2Rβ -/-mice is not due to despite the similarities in their phenotypes. A fundamental difference between IL-2-or IL-2Rα-deficient mice, and ILdefects in either thymic selection or peripheral deletion. The apparently normal activation-induced cell death of IL-2Rβ -/-2Rβ-deficient mice, is that IL-15 signaling theoretically is retained in the former and not in the latter, but it is difficult to T cells stands in sharp contrast to the resistance to SEBinduced apoptosis observed in both IL-2-deficient (27) and theorize at this point how this might translate into apparently normal apoptotic susceptibility. Naturally, the use of different IL-2Rα-deficient mice (19). In the absence of either IL-2 or of the IL-2 signaling system. In fact, the results of experiments
